(WT) and Akita ϩ/Ins2 mice, we evaluated cellular bioenergetics, oxidative stress, mitochondrial protein levels, and autophagic flux to determine whether changes in these processes contribute to ␤-cell dysfunction. In addition, we induced ER stress pharmacologically using thapsigargin in WT ␤-cells, INS-1 cells, and intact mouse islets to examine the effects of ER stress on mitochondrial function. Our data reveal that Akita ϩ/Ins2 -derived ␤-cells have increased mitochondrial dysfunction, oxidant production, mtDNA damage, and alterations in mitochondrial protein levels that are not corrected by autophagy. Together, these findings suggest that deterioration in mitochondrial function due to an oxidative environment and ER stress contributes to ␤-cell dysfunction and could contribute to T1DM in which mutations in insulin occur. diabetes mellitus; ␤-cell; mitochondrial respiration; endoplasmic reticulum stress; mitochondrial quality control INSULIN RELEASE from pancreatic ␤-cells is largely dependent on mitochondrial and endoplasmic reticulum (ER) function and plays a critical role in maintaining blood glucose homeostasis. The synthesis of insulin in ␤-cells is an energy-requiring process, with as much as 50% of the total protein of these cells committed to generation of this single protein when stimulated (51) . Insulin requires posttranslational processing before it is secreted, and it has been shown that mutations that lead to misfolding may cause neonatal diabetes (11, 51) . Once considered rare, monogenic mutations in insulin are becoming recognized as causes of neonatal diabetes mellitus. They can also be causative factors for type 1b diabetes or maturity-onset diabetes of the young and in some cases early onset type 2 diabetes mellitus (T2DM) (27, 50) . Mutations in the insulin gene lead to defective processing and accumulation of proinsulin in the ER, inducing ER stress. In addition, the consequent dysregulation of blood glucose homeostasis can initiate serious diabetic complications such as cardiovascular disease, neuropathy, and nephropathy (8) . Thus, prevention or treatment of ␤-cell injury and diabetes mellitus onset/progression continues to be a challenge, particularly for the group of patients with mutations in the insulin gene.
It has been established that there is a potential link between the ER and the mitochondria, and this has been suggested to contribute to ␤-cell dysfunction in both type 1 diabetes mellitus (T1DM) and T2DM pathogenesis (3, 16, 43, 52, 58) . One proposed sequence of events is that ER stress leads to disruption of Ca 2ϩ flow to the mitochondria, causing mitochondrial dysfunction and triggering a series of cyclic events, such as oxidative stress, that culminates in induction of cell death (30) . To counter the cell death processes and development of T1DM, prosurvival mechanisms such as autophagy can be initiated in ␤-cells (6) . Autophagy is a multistep process that targets damaged proteins and organelles for degradation and efficiently regulates organelle turnover within the cell (57) . The targeting of phagophores to dysfunctional mitochondria is dependent on mitochondrial quality and ubiquitinated proteins (17, 25) . A decrease in mitochondrial quality can be identified by increased mitochondrial ROS production, mitochondrial fission, decreased membrane potential, mtDNA damage, and suppressed bioenergetic function (20) . How mitochondrial morphology plays an important role in ␤-cell dysfunction is still unclear (52) . In addition, how autophagy responds to metabolic stress and impacts bioenergetic function and cellular redox status is not well understood (26, 28, 47) . This is important to understand since lack of degradation of damaged mitochondria can induce oxidative stress and cell death (20, 38) .
As a means to identify mechanisms that contribute to T1DM and associated complications, several experimental models have been developed (4, 34, 49, 59 ). In particular, there are two animal models representative of the syndromes mentioned above known as the Munich Ins2 C95S mutant mouse (19) and the Akita Ins2ϩ/Ϫ mouse (60) . The Akita mouse model contains a spontaneous dominant mutation in the insulin 2 gene allele in which tyrosine is replaced by cysteine at residue 96, which has also been reported in humans (1, 15, 46) . This mutation causes misfolding and accumulation of proinsulin in the ER. The resulting ER stress has been proposed to lead to ␤-cell death, hyperglycemia, T1DM, and diabetic nephropathy (7, 30, 60) . A progressive loss of ␤-cell viability is a characteristic feature of the progression of diabetes and may be largely influenced by ER stress. It has been shown that the ER stress response is induced in human islets from T1DM subjects (36) , which if prolonged may also contribute to disease progression (16) . Importantly, the link between ER stress and mitochondrial function in ␤-cells is not fully understood.
In this study, we used transformed pancreatic ␤-cell lines generated from wild-type Ins2 ϩ/ϩ (WT) and Akita ϩ/Ins2 mice to investigate the role of mitochondrial bioenergetics, quality control, and autophagy in a spontaneous ER stress model of diabetes mellitus. Recently, we described that the Akita ϩ/Ins2Ϫ -derived ␤-cells exhibit ER stress and that they undergo cell death via induction of the mitochondrial intrinsic apoptosis pathway (30) . Since mitochondria play a critical role in ␤-cell function, we hypothesized that ER stress due to mutated insulin would cause mitochondrial damage, oxidative stress, and accumulation of damaged mitochondria in Akita
-derived ␤-cells. In the present study, we show that the Akita ϩ/Ins2 -derived ␤-cells have impaired metabolic function, oxidative stress, mitochondrial DNA and protein damage, and fragmented mitochondria. In addition, p62, the ubiquitin-binding protein essential for targeting and transporting damaged mitochondria to autophagosomes, and Parkin, the protein that targets damaged mitochondria and is essential for mitophagy, were decreased. We have also tested the impact of ER stress on bioenergetic function in ␤-cells, INS-1 cells, and intact islets using thapsigargin. Our data suggest that ER stress induces mitochondrial dysfunction and that defects in the autophagic pathway contribute to ␤-cell dysfunction in humans with mutations in the insulin gene.
MATERIALS AND METHODS

Reagents and antibodies.
The following reagents were obtained from Sigma-Aldrich (St. Louis, MO): oligomycin, FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone), antimycin A, TMRM (tetramethylrhodamine methyl ester perchlorate), acetyl-coenzyme A sodium salt, DTNB [5,5=-dithiobis(2-nitrobenzoic acid)], oxaloacetatic acid, chloroquine, thapsigargin, D-glucose, Triton X-100, reduced glutathione, oxidized glutathione, and trypan blue solution. MitoSOX Red, BODIPY-FL-N-(2-aminoethyl)maleimide (Bodipy-NEM), and MitoTracker Deep Red FM were purchased from Invitrogen (Eugene, OR). DTPA (diethylenetriamine pentaacetic acid) was obtained from Fisher Scientific (Pittsburgh, PA).
Antibodies were purchased from a number of sources as follows: complex I-39 kDa, complex II-70 kDa, complex III core I-53 kDa, complex IV subunit I, voltage-dependent anion channel (VDAC), and ATP synthase-␣ and -␤ (MitoSciences, Eugene, OR); light chain 3 (LC3), p62 (Sigma-Aldrich St. Louis, MO); Parkin (Santa Cruz Biotechnology Santa Cruz, CA); manganese superoxide dismutase (MnSOD; Enzo Life Sciences, Ann Harbor, MI); Mfn1 (Abcam, Cambridge, MA); Drp1 (BD Biosciences, San Jose, CA); and citrate synthase (Epitomics, Burlingame, CA).
Cell culture and intact mouse islets. WT and Akita Ins2ϩ/Ϫ insulinoma pancreatic ␤-cell lines were generated from Akita mice or isogenic WT C57BL/6 littermates, as described previously (39, 41, 54) . Both cell types were grown in 25 mM glucose Dulbecco's modified Eagle's medium (DMEM; 4.5 g/l D-glucose, 4 mM L-glutamine, and phenol red; Invitrogen, Eugene, OR) containing 15% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 1ϫ penicillin-streptomycin (Invitrogen), and 150 M ␤-mercaptoethanol (Sigma-Aldrich, St. Louis, MO). The INS-1 insulinoma cell line was maintained as described previously (31) . All cell lines were maintained in a 37°C incubator under an atmosphere of (5% CO 2-95% air) dioxide.
Intact mouse islets. Male C57/BL6 mice were bred and maintained according to the Institutional Animal Care and Use Committee policies at the University of Alabama at Birmingham, which approved our experiments. Mice (4 -5 wk of age) were euthanized with CO 2 or cervical dislocation prior to the islets being isolated, as described previously (29) . In brief, the pancreas was removed, distended, and processed through digestion and a series of washes using RPMI 1640 to isolate intact islets. The remaining islets were then selected under a microscope, counted, and incubated overnight in complete RPMI 1640 medium under an atmosphere of 5% CO 2 and 95% air at 37°C. Typical islet yields were 150 per mouse.
Mitochondrial bioenergetics. To assess cellular and intact islet bioenergetics, the Seahorse XF-24 extracellular flux analyzer from Seahorse Biosciences (North Billerica, MA) was utilized. WT and Akita ϩ/Ins2 -derived ␤-cells or INS-1 cells were seeded at 60,000 cells/well in Seahorse XF-24 specialized cell culture plates. The following day, medium was replaced with unbuffered DMEM for 1 h at 37°C (without CO2) prior to basal oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) being assessed simultaneously in the Seahorse XF-24 analyzer. Twenty-five minutes later, the effects of the mitochondrial inhibitors oligomycin (1 g/ml), FCCP (2 M), and antimycin A (10 M) were measured. Both the OCR and ECAR were normalized to total protein in each well using the Bio-Rad DC protein assay (Bio-Rad Laboratories, Hercules, CA). The cellular bioenergetic parameters ATP-linked respiration, proton leak respiration, maximal OCR, reserve capacity, and nonmitochondrial respiration were calculated as described previously (14) . Briefly, the ATP-linked respiration was derived from the difference between basal OCR and respiration following complex V inhibition (oligomycin). The difference in respiration between antimycin A and oligomycin indicated the amount of oxygen consumed that is due to proton leak. Maximal OCR was determined by subtracting FCCP-induced respiration from the OCR after the addition of antimycin A. Finally, the reserve capacity was calculated as the difference between maximal respiration (OCR after FCCP) and basal OCR. In separate experiments, cells were treated with thapsigargin (1 M), an ER stress inducer, for 6 h prior to assessing cellular bioenergetics with thapsigargin in the medium.
Islets (50/well) isolated from C57/BL6 mice and treated with vehicle (DMSO) alone or thapsigargin (2 M) were plated in XF24 islet capture microplates containing 3 mM DMEM glucose using an established protocol (56) . Following plating, islets were allowed to equilibrate for 1 h at 37°C (without CO2) prior to assessing basal OCR. After basal OCR was measured for 50 min, D-glucose (20 mM) was injected into the cellular medium to determine the islets' glucose response over time, and oligomycin (5 M) was injected subsequently to inhibit OCR. Finally, the OCR was normalized to total protein in each well using the Bio-Rad DC protein assay (Bio-Rad Laboratories).
Mitochondrial membrane potential and superoxide generation. The inner mitochondrial membrane potential was assessed using TMRM dye. Briefly, cells (80,000 cells/well) were seeded in a Costar 96-well black clear-bottom plate (Fisher Scientific, Pittsburgh, PA). The following day, cells were incubated for 30 min with 100 nM TMRM dye in culture medium alone or in medium containing FCCP (10 M) or oligomycin (6 g/ml). Next, the cellular medium containing dyes and inhibitors was removed, and trypan blue was added to the cells for 10 min to quench extracellular TMRM fluorescence.
Subsequently, trypan blue was aspirated, and cells were washed once with medium. Fresh medium was added to the cells, and TMRM intracellular fluorescence was measured using a FLUOstar Omega Microplate Reader (BMG Labtech, Ortenberg, Germany) with excitation/emission filters (560/595 nm).
To detect basal mitochondrial superoxide generation in WT and Akita ϩ/Ins2 -derived ␤-cells, MitoSOX Red (Invitrogen), a cationic dye that fluoresces red when oxidized by mitochondrial superoxide, was utilized. Briefly, cells (50,000 cells/well) were plated in glass chamber slides (Nunc, Rochester, NY). The following day, cells were treated in the dark with MitoSOX Red (300 nM for 15 min). Subsequently, cells were washed with cellular medium and imaged using a Leica SP1 UV confocal laser scanning microscope (ϫ100) with excitation/emission (510/580 nm) filters. All images were captured with equal exposure times and quantified using Simple PCI software (Compix, Cranberry Township, PA).
MnSOD activity. Enzymatic activity of MnSOD was determined by the cytochrome c reduction method in the presence of 1 mM KCN to inhibit Cu/Zn-SOD activity, as described previously (37) . Briefly, cells were harvested in PBS containing DTPA (10 M), 0.1% Triton X-100, and protease inhibitors. The protein content of cleared lysates was measured by the Bradford protein determination method. Sample amounts were titrated to a reaction mixture consisting of 50 mM phosphate buffer, pH 7.8, containing 0.2 mM EDTA, 10 M cytochrome c, 50 M xanthine, and 1 mM KCN until the rate of xanthine-xanthine oxidase-generated superoxide production was reduced by approximately one-half. The amount of xanthine-xanthine oxidase required to achieve a rate of reduction of cytochrome c of 0.025 absorbance U/min was predetermined prior to beginning the assay.
Western blotting. Protein extracts from WT and Akita ϩ/Ins2 -derived ␤-cells that were untreated or treated with chloroquine (40 M for 5 h), a lysosomotropic agent that inhibits autophagic flux, or thapsigargin (1 M for 2 h), an ER stress inducer, were separated on SDS-PAGE (10 or 15% gels) and transferred to polyvinylidene fluoride (PVDF) or nitrocellulose membranes. Subsequently, membranes were blocked in TBST (Tris-buffered saline with 0.05% Tween 20) containing 5% nonfat dry milk powder for 1 h and probed with primary antibodies overnight at 4°C. The following day, blots were washed three times with TBST and incubated with appropriate secondary antibodies for 1 h at room temperature (RT). Membranes were then washed with TBST three times prior to developing with SuperSignal West Dura chemiluminescent substrate (Thermo Scientific, Rockford, IL). Equal protein loading was established (10 or 20 g) using the Lowry DC protein assay and verified by staining the membrane with Ponceau S or Amido Black. In all cases, the variation in protein loading was determined to be Ͻ10%, and no further correction was applied. Comparison of proteins was performed within the same gel to avoid variability in exposure and development conditions. Relative levels of protein expression were quantified using densitometry from the AlphaView SA software (Protein Simple, Santa Clara, CA).
Glutathione assays. The total glutathione level was determined in cell lysates using the Tietze recycling assay (53) . In brief, cells were lysed in 0.1% Triton X-100 in PBS buffer, pH 7.4, containing 10 M DTPA. Total glutathione was determined on the basis of the reduction of DTNB at 412 nm, using an extinction coefficient of 13,000 M Ϫ1 /cm
Ϫ1
. Subsequently, all values were normalized to cellular protein.
For GSH and GSSG measurements by mass spectrometry, cells were scraped in 10 mM Tris, pH 7.4, containing 10 mM Nethylmaleimide (NEM) and allowed to incubate on ice for 30 min prior to the protein being precipitated with two volumes of cold methanol. Precipitated proteins were removed by centrifugation at 16,500 g for 15 min. Cleared supernatants (5 l) were then injected onto the mass spectrometer. GSH-NEM standards were prepared by reacting 1 mM GSH with 10 mM NEM for 30 min at 37°C. To determine the efficiency of the alkylation procedure, the concentration of unreacted GSH was measured using the reduction of DTNB, and the reaction was shown to be 100% (data not shown).
Calibration curves ranging from 0 to 0.05 nmol (injected on the column) of GSH-NEM and GSSG were established in conjunction with the samples. The linearities of the GSH-NEM and GSSG curves were r 2 ϭ 0.9861 and r 2 ϭ 0.9982, respectively. To separate the NEM-GSH from GSSG and excess unreacted NEM, a gradient elution was used. The elution profile was as follows: initial state 100% mobile phase A; 0-to 5-min linear 0 -100% gradient of mobile phase B, followed by a reequilibration with 100% mobile A from 5.1 to 10 min. Mobile phase A consisted of isopropanol-acetonitrile-formic acid (50:50:0.5 vol/vol), respectively, and mobile phase B consisted of 0.5% formic acid. The column was a normal phase 2.1 ϫ 20 mm ZIC-HILIC SeQuant (3.5 micron particle size). Positive ion electrospray ionization was employed for analysis using an AB/Sciex API-4000 Triple Quadrupole mass spectrometer equipped with a Shimadzu Prominence HPLC system. Selected ion monitoring in the positive mode was conducted to simultaneously monitor ions at m/z 433 and 613 that corresponded to the protonated molecular ions of GSH-NEM and GSSG, respectively.
Protein thiol oxidation. To detect protein thiols in WT and Akita
derived ␤-cells, Bodipy-NEM, a fluorophore-labeled alkylating agent that reacts specifically with thiol groups in biological samples, was used (22) . In brief, cells were treated with 100 M Bodipy-NEM for 15 min, lysed, and separated using 10% SDS-PAGE with nonreducing conditions. To visualize the thiol redox state, in-gel fluorescence imaging of the BODIPY signal using a Typhoon imager (GE Healthcare Biosciences, Pittsburgh, PA) was implemented. ImageQuantTL analysis software (GE Healthcare Biosciences) was used to analyze the fluorescent signal intensity for each lane. In addition, the concentration of Bodipy in each sample was quantified using a Bodipy-GAPDH standard curve, as described previously (22) .
Protein S-glutathiolation. Cells (3 ϫ 10 6 ) were suspended in 100 l of 1 mM ethyl ester GSH-biotin (Invitrogen, Grand Island, NY) in serum-free medium and then incubated overnight at 37°C. Cell suspensions were centrifuged, and the resulting cell pellets were washed with fresh serum-free medium (500 l). Cellular extracts were prepared in lysis buffer containing 20 mM Tris, pH 7.4, 1% Triton x-100, 10 M DTPA, 25 mM NEM, and protease inhibitors. To enrich for S-glutathiolated proteins, cleared lysates were mixed with neutravidin beads and incubated overnight at 4°C. Beads were then washed and the modified proteins eluted and probed by Western blotting (21, 62) . To identify mitochondrial proteins that were S-glutathiolated, affinitypurified material (10 l) was loaded onto 4 -18% gradient gels and then probed with an antibody specific to VDAC.
Mitochondrial copy number. Mitochondrial copy number was determined using real-time quantitative PCR. Real-time PCR using SYBR Green (Life Technologies, Carlsbad, CA) was performed using 50 ng of total DNA as template. The primer sequences used for mtDNA were mtF (5=-CCCCAGCCATAACACAGTATCAAAC-3=) and mtR (5=-GCCCAAAGAATCAGAACAGATGC-3=) in an ABI 7500 system (Applied Biosystems, Grand Island, NY). Real-time PCR conditions were as follows: 94°C for 2 min, followed by 40 cycles of denaturation at 94°C for 15 s, annealing and extension at 60°C for 1 min. mtDNA copy number was normalized to amplification of an 18S nuclear amplicon using the following primer set: ms18s forward, aaacggctaccacatccaag; ms18s reverse, 5=-caattacagggcctcgaaag-3=.
Mitochondrial DNA damage. To assess mitochondrial DNA (mtDNA) damage, total DNA was isolated from WT and Akita ϩ/Ins2 -derived ␤-cells using a QIAamp DNA Mini Kit according to the manufacturer's instructions (Qiagen, Valencia, CA). The 16-kb mtDNA was amplified by PCR using 50 ng of total DNA and the primer set M13597/M13361 (forward: cccagctactaccatcattcaagtag; reverse: 5=-gagagattttatgggtgtaatgcggtg-3=), as described previously (55) . To normalize mtDNA copy number, a short 80-bp segment of mtDNA product was amplified using primer set M13281/M13361 (forward: 5=gcaaatccatattcatccttctcaac; reverse: gagagattttatgggtgtaat-gcggtg-3=). Quantitation of the average lesion frequency in the 16-kp mtDNA was performed assuming a random distribution of lesions in accordance with the Poisson equation (55) .
Citrate synthase activity. Citrate synthase catalyzes the first reaction of the TCA cycle and was evaluated in WT and Akita ϩ/Ins2 -derived ␤-cells, as described previously (45) . In brief, citrate synthase activity in cell lysates was measured spectrophotometrically at 412 nm based on the reaction between oxaloacetate, acetyl-CoA, and DTNB. Subsequently, cellular protein was determined and used to normalize citrate synthase activity.
Mitochondrial morphology. To assess mitochondrial morphology, cells were grown in Lab-Tek chambered coverglass systems (Nunc, Rochester, NY). The following day, cells were washed with DMEM medium and incubated with 100 nM MitoTracker Deep Red FM (Invitrogen) for 15 min at 37°C. Subsequently, cells were washed with medium and imaged using a Carl Zeiss LSM 700 inverted confocal microscope (ϫ40 oil; NA 1.4, Zoom ϫ3). Optical Z stacks were obtained, and thereafter the Zen software (Carl Zeiss) was utilized to assess the number of fragmented mitochondria per total mitochondrial area. Mitochondrial fragments that were 0.5 m or smaller in diameter were considered for quantitation and counted in each optical slice of a z-stack after thresholding to account only for mitochondrial pixels. Subsequently, the total mitochondrial area per optical slice was determined by adding all of the mitochondrial area in the z-stacks. Finally, the number of fragmented mitochondria was normalized by total mitochondrial area and expressed as the number of mitochondrial fragments (Յ0.5 m diameter) in 100 m 2 . Immunocytochemistry. WT and Akita ϩ/Ins2 -derived ␤-cells were plated on glass coverslips in 12-well plates. The following day, cells were washed with cold PBS, fixed for 15 min with 4% paraformaldehyde in PBS (Affymetrix, Santa Clara, CA), washed gently with PBS, and permeabilized with 0.15% Triton X-100 in PBS for 15 min at RT. Cells were then washed with PBS and blocked with 1% bovine serum albumin (Sigma-Aldrich) plus 1% donkey serum host (Santa Cruz Biotechnology) in PBS for 30 min at RT. Subsequently, cells were incubated with the rabbit polyclonal LC3 antibody (SigmaAldrich) for 1 h at RT. Cells were then washed with 0.1% BSA in PBS for 10 min at RT and then incubated with a goat anti-rabbit IgG Alexa 488 secondary antibody (1:1,000; Invitrogen) for 30 min in the dark at RT. Finally, cells were washed gently with PBS for 15 min, coverslipped with mounting medium, and stored in the dark at 4°C. Fluorescence staining was evaluated using a Leica DM6000 epifluorescence microscope (ϫ100). All images were captured with identical exposure settings and quantified using Simple PCI software (Compix, Cranberry Township, PA).
mRNA analyses. RNA was isolated from cells using TRIzol (Life Technologies, Carlsbad, CA) according to the manufacturer's protocol. RNA (0.5-2 g) was used to make cDNA using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories) according to the manufacturer's protocol. Quantitative real-time PCR was performed with SYBR Green Mastermix (Life Technologies, Carlsbad, CA) with the following conditions: 95°C for 5 min, 95°C for 10 s, 60°C for 10 s, and 72°C for 15 s ϫ 40. Real-time quantitative RT-PCR results were normalized against an internal control (␤-actin). Forward and reverse primer sequences for genes analyzed are as follows: Parkin (forward, gagcttccgaatcacctgac; reverse, ccctccagatgcatttgttt), P62 (forward, cgagtggctgtgctgttc; reverse, tgtcagctcctcatcactgg), and ␤-actin (forward, gacggccaggtcatcactat; reverse, aaggaaggctggaaaagagc).
Statistics. All results are expressed as means Ϯ SE (n ϭ 3-5/ group). Statistical analysis was performed using one-way ANOVA and Tukey's post hoc test. All values were considered statistically significant when P Ͻ 0.05.
RESULTS
Akita ϩ/Ins2
-derived ␤-cells have lower rates of oxidative phosphorylation. Mitochondrial bioenergetics in WT and Akita ϩ/Ins2 -derived ␤-cells were assessed using the Seahorse XF-24 analyzer (Fig. 1A) . As shown in Fig. 1 , basal OCR was measured for 25 min and was decreased in Akita ϩ/Ins2 -derived ␤-cells compared with WT ␤-cells. Subsequently, oligomycin, an ATP synthase inhibitor, was injected and as expected caused a rapid decline in ATP-linked respiration in both WT and Akita ϩ/Ins2 -derived ␤-cells. Next, FCCP, a mitochondrial uncoupler, was injected and stimulated maximal respiration in both cell types (Fig. 1B) . Finally, injection of antimycin A inhibited mitochondrial respiration to an equal extent in both cell types. From this profile, several bioenergetic parameters were determined (Fig.  1C) . Basal respiration, ATP-linked respiration, and maximal respiration were all significantly lower in Akita
-derived ␤-cells compared with WT ␤-cells (Fig. 1C) . The reserve capacity, which is an estimate of the potential bioenergetic capacity of the cell available to meet increased ATP demand or to combat oxidative stress (13) , was also significantly lower in Akita ϩ/Ins2 -derived ␤-cells. Under the same conditions, the ECAR, which is an index of glycolysis, was found to be similar between WT and Akita ϩ/Ins2 -derived ␤-cells and is shown plotted against the basal OCR rates in Fig. 1D . 
ER stress induces bioenergetic defects in WT ␤-cells, INS-1 cells, and C57 mouse islets.
To assess the effect of ER stress on mitochondrial bioenergetics, WT ␤-cells and INS-1 cells were treated with thapsigargin for 6 h prior to the mitochondrial bioenergetic profile being assessed. As shown in Fig. 2A , thapsigargin pretreatment significantly decreased basal respiration, ATP-linked respiration, and proton leak in WT ␤-cells (Fig. 2A) . However, thapsigargin had no effect on maximal respiration and increased reserve capacity significantly ( Fig.  2A) . As shown in Fig. 2B , thapsigargin also elicited similar effects in INS-1 cells.
These findings were further confirmed in intact mouse islets treated with thapsigargin (24 h) prior to the islet glucose response being measured, using an established protocol (56) (Fig. 3) . As shown in Fig. 3A , the basal OCR of mouse islets was measured for 45 min before glucose was injected to stimulate increased oxygen consumption. Approximately 50 min later, oligomycin, an ATP synthase inhibitor, was injected and caused a rapid decline in respiration. Islets treated with thapsigargin had a significantly lower basal OCR compared with control islets (Fig.  3, A and B) . In addition, thapsigargin prevented a rapid increase in OCR following glucose stimulation and delayed the effects of oligomycin inhibition on respiration (Fig. 3, A and B) . These data confirm that ER stress negatively affects cellular bioenergetics in both cell lines and isolated islets. Akita ϩ/Ins2 -derived ␤-cells have increased mitochondrial membrane potential, mitochondrial superoxide, and MnSOD activity. As shown in Fig. 4A , Akita ϩ/Ins2 -derived ␤-cells had a significantly higher basal mitochondrial membrane potential compared with WT cells (Fig. 4A) . As expected, FCCP decreased the TMRM signal significantly in both WT and Akita ϩ/Ins2 -derived ␤-cells. However, oligomycin induced a further increase in membrane potential in the WT ␤-cells but to a much lesser extent in the Akita ϩ/Ins2 -derived ␤-cells. A higher mitochondrial membrane potential is frequently associated with increased superoxide production from the respiratory chain, which we assessed using MitoSOX Red fluorescence. As shown in Fig. 4B , the red fluorescence, reflecting increased mitochondrial superoxide generation, was increased significantly in Akita ϩ/Ins2 -derived ␤-cells. In addition, Mn-SOD protein and activity levels were increased significantly in the Akita ϩ/Ins2 -derived ␤-cells (Fig. 4, C and D) . These data suggest that although MnSOD is increased in the Akita ϩ/Ins2 -derived ␤-cells, it is not sufficient to mitigate superoxide generation.
We found that the total glutathione pool was significantly lower in the Akita ϩ/Ins2 -derived ␤-cells compared with the WT ␤-cells (Fig. 5A) . Since decreased glutathione levels would suggest changes in the ratio of reduced (GSH) to oxidized (GSSG) glutathione, we examined this using mass spectrometry and found the GSH/GSSG ratio to be significantly lower in Akita ϩ/Ins2 -derived ␤-cells (Fig. 5B ). Given that glutathione oxidation is frequently associated with increased protein thiol oxidation, we evaluated the extent of oxidation using Bodipy-NEM, which introduces a fluorescent tag on reduced protein thiols. As shown in Fig. 5C , the overall Bodipy-NEM fluorescence intensity in the Akita ϩ/Ins2 -derived ␤-cell lane was ϳ20% lower than the WT ␤-cells. An increased oxidation state of the GSH/GSSG redox couple could lead to S-glutathiolation, which would account for the decreased protein thiol content Fig. 3 . Glucose response of mouse islets exposed to ER stress. A: islets from C57/BL6 (C57) mice were isolated and plated 50 islets/ well in 24-well Seahorse islet capture microplates. Following plating, islets were allowed to equilibrate for 1 h at 37°C prior to basal OCR being measured over time. Subsequently, glucose (20 mM) was injected into the medium to measure the glucose response, followed by oligomycin injection to inhibit respiration. B: the individual bioenergetic parameters were determined based on the measurements taken in A. Results are means Ϯ SE; n ϭ 4 -5/group. *P Ͻ 0.05 compared with C57 islet controls. (23) , and this was tested by incubating the cells with biotinylated GSH-ester and measuring protein S-glutathiolation. As shown in Fig. 5D , thiol modification of proteins was increased approximately fivefold in the Akita ϩ/Ins2 -derived ␤-cells. Next, using the biotin to affinity purify the S-glutathiolated proteins, we blotted for VDAC, a mitochondrial outer membrane protein, to determine whether it was modified. As shown in Fig. 5E , no detectable S-glutathiolated VDAC was detected in the WT cells, whereas the Akita ϩ/Ins2 -derived ␤-cells showed extensive modification. These findings suggest that there is increased oxidative stress and protein thiol oxidation in Akita ϩ/Ins2 -derived ␤-cells. MtDNA is highly susceptible to oxidation, and therefore, we hypothesized that it would also be modified in Akita ϩ/Ins2 -derived ␤-cells compared with WT ␤-cells. As shown in Fig. 6A , real-time quantitative PCR detected no significant difference in mtDNA copy number between the two cell types. When we assessed mtDNA damage, as expected, the short product (80 bp) was not significantly different between the two cell types (Fig. 6B) . However, the long product (16 kb) was decreased significantly in Akita ϩ/Ins2 -derived ␤-cells, which is consistent with increased mtDNA damage (Fig. 6B) .
Akita ϩ/Ins2 -derived ␤-cells have altered mitochondrial protein composition. Since the total mitochondrial number, assessed by mtDNA, appears not to have influenced the bioenergetic changes described above, these changes could arise due to differential regulation of components of the mitochondrial respiratory chain (42) . To assess this, we performed both activity assays and Western blot analyses of proteins in different mitochondrial compartments. Both the activity and levels of the matrix -derived ␤-cells were treated with 100 nM tetramethylrhodamine methyl ester perchlorate (TMRM) for 30 min. FCCP and oligomycin controls were included to depolarize and hyperpolarize mitochondrial membrane potential, respectively. Results are expressed as mean arbitrary fluorescence units (AFU) Ϯ SE; n ϭ 3/group. B: WT and Akita ϩ/Ins2 -derived ␤-cells were treated with 300 nM MitoSOX Red for 15 min and imaged using confocal microscopy (ϫ100) to detect mitochondrial superoxide levels. The bar graph shows the arbitrary levels of mitochondrial superoxide detected in these cells per unit area. Results are means Ϯ SE; n ϭ 3/group. C: cell lysates from WT and Akita
-derived ␤-cells were resolved by SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) membranes, and probed for MnSOD. Western blot loading was controlled for by protein staining, and band intensities were quantified using AlphaView SA software. Results are expressed as mean fold change arbitrary units (AU) over WT ␤-cells Ϯ SE; n ϭ 3/group. D: MnSOD activity was determined in cell lysates using the cytochrome c reduction method. Results are expressed as mean fold change activity normalized to total protein over WT ␤-cells Ϯ SE; n ϭ 3/group. *P Ͻ 0.05 compared with WT ␤-cells; #P Ͻ 0.05 compared with respective controls. enzyme citrate synthase were significantly lower in Akita ϩ/Ins2 -derived ␤-cells compared with WT ␤-cells (Fig. 7, A-C) . The outer membrane mitochondrial protein VDAC is essential for substrate transport and permeability transition and was found to be approximately threefold higher in Akita ϩ/Ins2 -derived ␤-cells compared with WT ␤-cells (Fig. 7, A and B) . Next, we assessed selected mitochondrial respiratory complexes (Fig. 7,  A and B) and found that complex I (39 kDa) and II (70 kDa) protein levels were increased in Akita
-derived ␤-cells. However, complex III core 1 protein was significantly decreased in Akita ϩ/Ins2 -derived ␤-cells compared with WT ␤-cells. In contrast, complex IV subunit I protein levels were expressed equally between the two groups. Furthermore, ATP synthase ␣-levels were increased in Akita
-derived ␤-cells, whereas ATP synthase-␤ expression was similar to WT ␤-cell levels (Fig. 7, A and B) . Together, these data indicate significant changes in mitochondrial composition in the Akita ϩ/Ins2 -derived ␤-cells compared with WT ␤-cells.
Mitochondrial morphology is altered in Akita ϩ/Ins2 -derived ␤-cells. Mitochondrial morphology is established by equilibrium between fusion and fission, which are important cellular processes that control mitochondrial dynamics and turnover (33) . Using specific antibodies, we determined the levels of the key fusion protein mitofusin 1 (Mfn1) and the key fission protein dynamin-related protein 1 (Drp1) in the WT and Akita ϩ/Ins2 -derived ␤-cells. As shown in Fig. 8A , Mfn1 protein expression was significantly lower in Akita ϩ/Ins2 -derived ␤-cells. In contrast, Drp1 was approximately threefold higher in Akita ϩ/Ins2 -derived cells than in WT ␤-cells (Fig. 8B) . These results suggested that mitochondrial integrity is compromised derived ␤-cells was determined and normalized to total protein, as described in MATERIALS AND METH-ODS. B: GSH (reduced glutathione)/GSSG (oxidized glutathione) ratio was determined using mass spectrometry, as described in MATERIALS AND METHODS. C: representative in-gel fluorescence image and quantification of the BODIPY signal in WT and Akita
-derived ␤-cells treated with 100 M BODIPY-FL-N-(2-aminoethyl) maleimide (Bodipy-NEM) for 15 min (lighter fluorescence indicates increased oxidized protein thiols; darker fluorescence represents reduced protein thiols). D: WT and Akita ϩ/Ins2 -derived ␤-cells were treated with biotinylated glutathione ethyl ester prior to affinity purification of S-glutathiolated proteins using streptavidin beads. Affinity-purified proteins were separated using SDS-PAGE and probed for total glutathiolated proteins using streptavidinhorseradish peroxidase. E: affinity-purified Sglutathiolated proteins were probed with an antibody specific to voltage-dependent anion channel (VDAC). Results are means Ϯ SE; n ϭ 3/group, *P Ͻ 0.05 compared with WT ␤-cells. IP, immunoprecipitation; WB, Western blot.
in Akita ϩ/Ins2 -derived ␤-cells. To assess this, we visualized mitochondrial morphology using the fluorescent dye MitoTracker Red. As illustrated in Fig. 8C , WT ␤-cell mitochondria were larger and had longer tubular structures and filamentous networks. However, the Akita ϩ/Ins2 -derived ␤-cell mitochondria were smaller, fragmented, and punctate, which is consistent with a higher level of mitochondrial fission. In addition, Akita ϩ/Ins2 -derived ␤-cells had a significant increase in the number of fragmented mitochondria per mitochondrial area compared with the WT ␤-cells (Fig. 8C ). -derived ␤-cells were prepared and resolved on SDS-PAGE gels, transferred to PVDF membranes, and subjected to immunoblot analysis for the following antibodies: citrate synthase, VDAC, complex I (39-kDa subunit), complex II (70-kDa subunit), complex III core protein 1, complex IV subunit I, and ATP synthase ␣-and ␤-subunits. B: Western blot loading was controlled for by protein staining, and band intensities were quantified using AlphaView SA software. Results are expressed as mean fold change AU over WT ␤-cells Ϯ SE; n ϭ 3/group. C: citrate synthase activity was determined and normalized to cellular protein, as described in MATERIALS AND METHODS. Results are means Ϯ SE; n ϭ 3/group. *P Ͻ 0.05 compared with WT ␤-cells.
Autophagy in Akita
ϩ/Ins2 -derived ␤-cells. The microtubuleassociated LC3 protein is a marker of autophagy and is comprised of two isoforms, LC3-I and LC3-II (28) . Upon induction of autophagy, LC3-I is lipidated to form LC3-II. As shown in Fig. 9A , the ratio of LC3-II to LC3-I was not significantly different between WT and Akita ϩ/Ins2 -derived ␤-cells. To assess autophagic flux, we treated cells with chloroquine (CQ), a compound that prevents autophagy completion and degradation of LC3-II (28). CQ treatment had no effect on LC3-I in either cell type but increased LC3-II as expected, resulting in an increase in the LC3-II/LC3-I ratio, similarly in both cell types, indicating that Akita ϩ/Ins2 -derived ␤-cells exhibit normal autophagic flux (Fig. 9A) . Furthermore, both cells exhibited similarly significant increases in the LC3-II/LC3-I ratio after being exposed to thapsigargin (Fig. 9A) . Consistent with the data shown in Fig. 9A , there was no difference in LC3 between the two cell types, as evidenced by immunocytochemistry (Fig. 9B) . We also examined LC3 levels in the mitochondria and found that LC3-II was increased significantly in the Akita ϩ/Ins2 -derived ␤-cells (Fig. 9C ). In addition, the isolated mitochondria showed no detectable actin and were enriched in citrate synthase content, as expected (Fig. 9C) .
Although overall autophagic flux is unaltered, both p62 and Parkin, which are important in targeting damaged mitochondria for degradation, were decreased significantly in the Akita ϩ/Ins2 -derived ␤-cells compared with WT ␤-cells (Fig. 10, A and B) . To determine whether this was due to transcription, we further examined p62 and Parkin mRNA levels. As shown in Fig. 10C , Akita
-derived ␤-cells had a significant decrease in p62 mRNA levels; however, Parkin mRNA was not significantly different between the two cell types.
DISCUSSION
Mitochondrial changes, ER stress, and oxidative stress have all been suggested to contribute to pancreatic ␤-cell dysfunction (10, 16, 24) . In the present study, we examined the effects of endogenous ER stress induced by a mutation in the insulin B chain in pancreatic ␤-cell lines generated from Akita -derived ␤-cells were prepared and resolved on SDS-PAGE gels, transferred to PVDF membranes, and subjected to immunoblot analysis for mitofusin 1 (Mfn1; mitochondrial fusion; A) and dynamin-related protein 1 (Drp1; mitochondrial fission; B). Western blot loading was controlled for by protein staining, and band intensities were quantified using AlphaView SA software. Results are expressed as mean fold change arbitrary units over WT ␤-cells Ϯ SE; n ϭ 3/group. C: representative maximum intensity projection of 3 consecutive optical z-slices acquired from WT and Akita ϩ/Ins2 -derived ␤-cells stained with MitoTracker Red. Quantification of mitochondrial fragments was performed as described in MA-TERIALS AND METHODS. *P Ͻ 0.05 compared with WT ␤-cells.
progressive ␤-cell death and secondary complications of T1DM such as diabetic nephropathy (7, 9) . Previous studies with ␤-cells generated from Akita ϩ/Ins2 and WT mice have shown that Akita ϩ/Ins2 -derived ␤-cells exhibited decreased insulin release, increased ER stress, and increased apoptotic cell death through the intrinsic mitochondrial cell death pathway (30, 41) . We hypothesized that ER stress due to mutated insulin would cause mitochondrial damage, oxidative stress, and accumulation of damaged mitochondria in Akita ϩ/Ins2 -derived ␤-cells and that the failure to maintain a healthy mitochondrial population may underlie the mechanisms leading to cytotoxicity. Consistent with our hypothesis, we found that Akita
-derived ␤-cells have decreased mitochondrial function and increased mitochondrial ROS, mitochondrial fission, and mtDNA damage.
Increased intramitochondrial oxidative stress observed was associated with changes to the cellular bioenergetics that were evident by decreased ATP-dependent and maximal respiration. The lower levels of respiration could arise from a decrease in the number of mitochondria, but this explanation is unlikely since the total mtDNA copy numbers were similar between the Akita ϩ/Ins2 -derived ␤-cells and controls. Under the same conditions, glycolysis was also measured and found to be not significantly different between WT and Akita ϩ/Ins2 -derived ␤-cells, suggesting that the Akita ϩ/Ins2 -derived ␤-cells had overall lower energetic requirements than WT ␤-cells. In support of this finding, the resting mitochondrial membrane potential was higher in Akita ϩ/Ins2 -derived ␤-cells and was not further hyperpolarized following the addition of oligomycin. It is well established that an increased mitochondrial membrane potential contributes to higher rates of mitochondrial superoxide production (40) , and this was also evident in the current study. Indeed, both MnSOD protein and activity levels were also increased, but the level of enzyme activity was only 1.4-fold compared with a fourfold increase in protein levels. It has been shown previously that modifications such as S-glutathiolation and nitration cause decreased MnSOD activity, and it is possible -derived ␤-cells Ϯ chloroquine (CQ; 20 M for 5 h) or Thaps (1 M for 2 h) were resolved on SDS-PAGE and subjected to immunoblot analysis for microtubule-associated protein LC3. Western blot loading was controlled for by protein staining, and the band intensity was quantified using AlphaView SA software. The ratio of LC3-II to LC3-I results was expressed as mean AU Ϯ SE; n ϭ 3/group. *P Ͻ 0.05 compared with respective controls. B: cells were immunostained with LC3 antibody, and images were captured using immunofluorescence. C: protein levels of LC3, citrate synthase, and ␤-actin in whole cell lysates and/or isolated mitochondria. Western blot loading was controlled for by protein staining and LC3, and citrate synthase band intensities in isolated mitochondria were quantified using AlphaView SA software and are expressed as mean fold change AU over WT ␤-cells Ϯ SE; n ϭ 3/group. *P Ͻ 0.05 compared with WT ␤-cells. ICC, immunocytochemistry. that these could be occurring and explain that the increase in enzyme activity is substantially lower than the increase in protein levels (35, 44) .
Pancreatic ␤-cells are extremely susceptible to oxidative stress due to their low levels of antioxidant enzymes such as glutathione peroxidase 1 and Cu/Zn-superoxide dismutase 1 (32) . Consistent with these findings, we found total glutathione to be lower in Akita ϩ/Ins2 -derived ␤-cells. We further evaluated the GSH/GSSG redox couple in the Akita
-derived ␤-cells and found it to be more oxidized, consistent with an increased level of protein S-glutathiolation, including S-glutathiolation of the mitochondrial outer membrane protein VDAC. In addition, increased protein thiol oxidation was observed in the Akita ϩ/Ins2 -derived ␤-cells, which correlates with increased mitochondrial superoxide generation and the formation of downstream oxidants. In agreement with this conclusion, it has been shown that oxidative stress, tyrosine nitration, and mitochondrial swelling are induced in Akita
-derived ␤-cells (61) . It is clearly evident that an oxidative environment can alter mtDNA and protein composition and function. Evaluation of both mtDNA and selective mitochondrial proteins showed evidence of increased mtDNA damage and a significant restructuring of the mitochondrial proteins. Citrate synthase protein levels and activity, a TCA cycle enzyme generally regarded as resistant to oxidative stress, was significantly lower, and VDAC levels were enhanced. The latter was particularly interesting because VDAC is essential for mitochondrial Ca 2ϩ uptake from the ER and plays a key role in mitochondrially mediated apoptosis. The increase in VDAC observed in the Akita ϩ/Ins2 -derived ␤-cells suggests that VDAC may be contributing to Ca 2ϩ overload and cell death. Indeed, VDAC protein levels have been shown to be increased in diabetic mouse coronary vascular endothelial cells and were suggested to cause increased mitochondrial superoxide due to Ca 2ϩ overload within the mitochondria (48) . This could be an additional mechanism for increased mitochondrial superoxide in the Akita ϩ/Ins2 -derived ␤-cells since it is well documented that disruption of electron transport in the mitochondria can lead to increased mitochondrial superoxide generation (40) . Hence, we also evaluated proteins related to oxidative phosphorylation in these cells because mitochondrial protein composition is critical in regulating the respiratory chain. In the Akita ϩ/Ins2 -derived ␤-cells the distribution of several proteins was significantly different and may explain the changes observed in cellular bioenergetics. In particular, complex I and II subunits were increased in Akita ϩ/Ins2 -derived ␤-cells compared with WT ␤-cells, but complex III was significantly decreased, and complex IV subunit I levels were not significantly different between the two groups. Interestingly, ATP synthase ␣-subunit was twofold higher in Akita ϩ/Ins2 -derived ␤-cells compared with WT ␤-cells. However, the ATP synthase ␤-subunit was not changed, which suggests defective assembly of this mitochondrial complex. Consistent with our findings, both complex I and ATP synthase protein expression have been shown to be increased in islets isolated from T2DM subjects (2) , suggesting that the composition of mitochondrial proteins in diabetes plays an important role in ␤-cell viability. In addition, the composition of mitochondrial proteins and their function is largely dependent on mitochondrial dynamics, where the balance between fusion and fission is essential for regulating mitochondrial morphology and maintaining a healthy population of mitochondria (12) . In the Akita ϩ/Ins2 -derived ␤-cells, mitochondrial fission was elevated and resulted in smaller fragmented mitochondria.
Damaged mitochondria are typically programmed for removal by mitophagy, and it has been shown previously that inhibition of mitophagy results in the accumulation of damaged mitochondria that generate increased levels of reactive oxygen species (28) . However, although Akita ϩ/Ins2 -derived ␤-cells exhibited more mitochondrial fragmentation, LC3 protein levels as well as autophagic flux are comparable in the Akita ϩ/Ins2 -derived ␤-cells and the WT ␤-cells. These data suggest that, although there are more damaged mitochondria in the Akita ϩ/Ins2 -derived ␤-cells, autophagic flux is not adequate to meet the demand for mitochondrial clearance. Intriguingly, higher levels of LC3-II were detected in the mitochondrial fraction, perhaps due to a redistribution of LC3-II to the mitochondria rather than the autophagosomes. Paradoxically, although there is evidence for deterioration in mitochondrial quality, perhaps due to a lowering in energetic demand in Akita ϩ/Ins2 -derived ␤-cells, the mitochondrial population appears to be able to maintain an energized state. A decrease in mitochondrial membrane potential is one of the characteristics of mitochondria targeted for mitophagy (20) , and this is not occurring in Akita ϩ/Ins2 -derived cells. On the contrary, the mitochondrial membrane potential is higher in Akita ϩ/Ins2 -derived ␤-cells than in WT cells and is associated with increased superoxide. Notably, the levels of both p62 and Parkin, proteins vital for targeting and transporting mitochondria to the phagophore, are lower in Akita ϩ/Ins2 -derived ␤-cells. These lowered levels may result in an insufficient mitophagy activity, contributing to accumulation of damaged mitochondria in the Akita ϩ/Ins2 -derived ␤-cells. It is important to note that the decrease in p62 levels was due to a decrease in transcription, whereas the decrease in Parkin appears to be independent of transcriptional repression. The mechanisms for transcriptional repression of p62 in Akita ϩ/Ins2 -derived ␤-cells are not known, although we speculate that this may be mediated by the ROS-Nrf pathway. Furthermore, the increased mitochondrial ROS may contribute to the increased cytosolic oxidation of protein thiols and glutathione. Recently, it has been shown in two reports that stimulation of autophagy with rapamycin in Akita ϩ/Ins2 mice and in two different ␤-cell lines attenuates stress and T1DM pathogenesis (5, 6) , supporting the hypothesis that an increase in mitophagy may be required for maintaining mitochondrial quality in Akita ϩ/Ins2 -derived ␤-cells. One of the limitations of the study is that transformed cell lines were used. However, our findings clearly demonstrate the ER stress induced by thapsigargin causes mitochondrial dysfunction in two ␤-cell lines and in normal intact islets, and a recent study has shown that thapsigargin can inhibit autophagy (18) . Furthermore, our data suggest that the accumulation of damaged mitochondria due to ER stress and insufficient autophagy in combination with oxidative stress may contribute to poor pancreatic ␤-cell function. As a result, this may contribute to dysregulation of physiological mechanisms involved in insulin release and hyperglycemia and suggests that promotion of autophagy may preserve ␤-cells in individuals with T1DM mutations in the insulin gene.
